To probe the role of the intrinsic structure of the projectile on sub-barrier fusion, measurement of fusion cross sections has been carried out in 9 Be + 197 Au system in the energy range Ec.m./VB ≈ 0.82 to 1.16 using off-beam gamma counting method. Measured fusion excitation function has been analyzed in the framework of the coupled-channel approach using CCFULL code. It is observed that the coupled-channel calculations, including couplings to the inelastic state of the target and the first two states of the rotational band built on the ground state of the projectile, provide a very good description of the sub-barrier fusion data. At above barrier energies, the fusion cross section is found to be suppressed by ≈ 39(2)% as compared to the coupled-channel prediction. A comparison of reduced excitation function of 9 Be + 197 Au with other x + 197 Au shows a larger enhancement for 9 Be in the sub-barrier region amongst Z=2-5 weakly and tightly bound projectiles, which indicates the prominent role of the projectile deformation in addition to the weak binding.
I. INTRODUCTION
Nuclear reactions involving weakly bound stable ( 6, 7 Li, 9 Be) and unstable ( 6, 8 He, 7,10,11 Be) projectiles have been extensively investigated in recent years due to their importance in understanding the effect of coupling to the continuum and many-body quantum tunneling phenomenon [1] [2] [3] [4] . In particular, efforts have been made to understand the role of low break-up threshold of projectiles on the fusion cross sections arising from extended shapes and α + x cluster structures. During the projectile-target interaction, a weakly bound projectile may break-up into the constituent α-cluster(s) before reaching the fusion barrier. Hence, both the complete fusion (CF) -where the entire projectile fuses with the target nucleus, and break-up fusion or incomplete fusion (ICF) -where a part of the projectile fuses with the target nucleus, are observed. The projectile break-up results in the reduced incoming flux [5, 6] , and therefore the cross section of CF is expected to be suppressed as compared to that for the tightly bound projectile. The observed subbarrier fusion enhancement can be explained within the framework of the coupled-channel calculations by including couplings to the inelastic states and direct reaction channels such as neutron transfer and break-up.
Although the phenomenon of fusion suppression is widely accepted and attributed to the weak binding of nuclei, its origin is not yet fully understood. In reactions involving 6, 7 Li and 9 Be projectiles with heavy mass targets, the complete fusion has been reported to be suppressed by ≈ 30% as compared to the standard coupled- * nanal@tifr.res.in channel calculations [1] [2] [3] [7] [8] [9] [10] [11] [12] [13] . A systematic study of the break-up effects on the complete fusion cross sections at energies above the Coulomb barrier is reported by Wang et al. [13] . In this report, it has been shown that for a given projectile, the suppression effect is independent of the target. Generally, a strong correlation is observed between the suppression factor and the lowest break-up threshold energy [13, 14] . Hinde et al. [15] reported that in spite of widely different α-break-up threshold energies, 9, 10, 11 Be show a significant suppression of the complete fusion. Recently, Cook et al. [16] concluded that the cluster transfer rather than actual break-up prior to reaching the fusion barrier is responsible for fusion suppression.
While the CF suppression with weakly bound nuclei has been studied in many systems, a comparative study of fusion cross-section enhancement at sub-barrier energies to probe the effect of the projectile structure have been sparse. Lemasson et al. [17] reported that complete fusion cross sections at sub-barrier energies for halo nucleus 8 He were significantly enhanced as compared to 4 He, mainly due to the coupling to the neutron transfer channel. Further, complete fusion cross section of 8 He and 6 He were found to be similar, which was attributed to the role of higher-order processes with neutron-pair transfer preceding fusion. As mentioned earlier, the weakly bound stable 6 Li, 7 Li, 9 Be nuclei are dominantly clusters of alpha-deuteron, alpha-triton, and alpha-alpha-neutron, respectively. In particular, 9 Be exhibits a Borromean structure (α+α+n) with a large deformation in the ground state. Moreover, the ground state is the only bound state of the system, and all excited states are particle unbound. Hence, reactions with 9 Be at near barrier energies are important for a systematic study of weakly bound stable and unstable projectiles.
In the present work, the fusion cross sections in 9 Be + 197 Au system have been measured at near barrier energies and analyzed in the framework of the coupledchannel approach using theoretical model code CC-FULL. The choice of 9 Be + 197 Au system is primarily driven by the fact that the fusion studies with different weakly bound projectiles, namely, 6 He [18], 8 He [17] and 6, 7 Li [19] on 197 Au target have been reported earlier. A comparative study of these systems, together with 11 B + 197 Au data [20] , enables the assessment of the impact of weak binding on sub-barrier fusion.
This paper is organized as follows -experimental details are given in Section II, results and discussions of experimental data employing statistical model calculations and coupled-channel calculations are described in Section III. In Section IV, a systematic comparison of weakly bound projectiles on 197 Au is presented, and a summary of the present work is given in Section V.
II. EXPERIMENTAL DETAILS
The experiment was performed at the Pelletron Linac facility at TIFR, Mumbai, India. Self-supporting 197 Au target foils of thickness ∼ 1.3 -1.7 mg/cm 2 were prepared using the rolling technique. The 9 Be beam in the energy range E lab ≈ 30 -47 MeV was bombarded on the 197 Au target with a typical beam current of 8 -15 pnA. The Aluminium catcher foils of the appropriate thickness (∼ 1.5 mg/cm 2 ) were mounted behind the target foils to stop the recoiling reaction residues. For the effective utilization of beamtime, some of the irradiations were performed using a stack of two target-catcher foil assemblies. The incident energy and the energy spread at half target thickness were calculated using SRIM [21] . In order to correct for beam fluctuations during the irradiation, the beam current was recorded at regular intervals of 30 or 60 seconds using a CAMAC (Computer Automated Measurement And Control) scaler. The gamma-rays from irradiated samples were counted off-line using two efficiency calibrated HPGe detectors. The energy calibration and efficiency measurement of the HPGe detectors were carried out using a standard precalibrated 152 Eu γray source. Both the HPGe detectors were shielded with ∼5 cm thick lead rings for reducing the ambient background. Data were recorded using a digital data acquisition system (DAQ) employing CAEN digitizer (14 bit ADC, 100 MHz sampling rate), and the off-line data analysis were performed using LAMPS software [22] . Typical energy resolution obtained is about 2.4 keV at 1408 keV. The off-line counting was performed either at a distance of 10 cm from the face of the detector or in the close geometry (in which the sample was mounted on the face of the detector) depending on the activity of the irradiated sample. For the two lowest energies, target and catcher foils were counted separately to improve the sensitivity. Table I gives a summary of expected ERs and their characteristics gamma-rays. Fig. 1 shows off-line γ-ray 
where, N P is the number of incident particles, N T is the number of target particles per unit area, λ x is a decay constant, t irr is the duration of irradiation, t 1 (t 2 ) is the time since the end of irradiation to the start (end) of counting, I γ and ǫ γ are the absolute intensity and the photopeak efficiency of the characteristic γ-ray, respectively. This equation takes into account the decay during the irradiation (t irr ) and assumes the uniform beam current. As mentioned earlier, the beam current was recorded in smaller intervals to take care of the fluctuations, and the decay corrections [24] were applied to each interval for computation of σ x . From the recorded beam charge Q, N P = Q/q eq is calculated, where q eq is the equilibrium charge state. The value of q eq is found to be +4 from the theoretical calculation [25] and from the prediction of code CHARGE of LISE++ [26], over the range of energy and target assembly thicknesses studied in the present work.
III. RESULTS AND DISCUSSIONS
In the present work, the fusion cross sections are measured down to 18% below the Coulomb barrier. Measured cross sections of 203 Bi(3n) and 202 Bi(4n) are listed in Table II . Errors shown in the cross sections are statistical. It may be noted that the contribution of evaporation residues 204 Bi (2n) and 201 Bi (5n), and the fission are expected to be small and could not be unambiguously measured at the present level of sensitivity. The measured ER cross sections are compared with PACE2 [27] calculations. The PACE2 is a statistical model code, which employs Monte Carlo simulations to calculate the decay of the compound nucleus using the Hauser-Feshbach approach. In the present calculation, Ignatyuk level density prescription [28] was used with an asymptotic level density parameter a=A/K, where K is varied between 8-10. At all energies, the angular momentum (ℓ) distribution (and hence σ CF ) obtained from the CCFULL calculations (inclusive of couplings -as described later) has been used as input in the PACE2. A comparison of experimentally measured and theoretically calculated excitation functions of evaporation residues 202 Bi (4n) and 203 Bi (3n) in 9 Be + 197 Au system is presented in Fig. 2 . It is observed that a = A/9 MeV −1 gives the best agreement with the experimental data.
The statistical model calculations show that neutron evaporation channels are dominant, and exhaust ≈99% of CF cross section over most of the experimentally measured energies, consistent with other systems in this mass range [29, 30] . As mentioned earlier, σ 5n , σ 2n and fission could not be measured. Therefore, the contribution of missing channels has been deduced [31] using PACE2. The ratio of xn channels (3n,4n) and the complete fusion cross section, R=(σ P ACE 3n+4n )/σ f us is determined using the PACE2 calculations at different energies and the experimental fusion cross section is derived as σ Corr CF =σ exp 3n+4n /R. The values of R and corrected cross sections (σ Corr CF ) are given in Table II . At higher energies, the correction mainly arises due to missing σ 5n and fission, while that at lower energies it is due to missing σ 2n . It is important to note that the maximum correction is ∼ 4% at the extreme energy points and hence has no significant effect on the conclusions drawn in the present work.
At sub-barrier energies, the fusion cross sections are calculated with the CCFULL code modified specially for 9 Be projectile [32, 33] . The CCFULL calculations, without incorporating couplings to any inelastic excitation, provide a simple one-dimensional barrier penetration model (1DBPM) for easy reference. The coupledchannel calculations performed using CCFULL are presented in Fig. 3 . The potential parameters used in the calculations, namely, V 0 = 51.94 MeV, r 0 = 1.17 fm, a 0 = 0.63 fm, are taken from the Woods-Saxon parametrization of the Akyuz-Winther (AW) potential [34] . The calculations include the coupling of both projectile and target excited states. For 9 Be, the ground state spin 3 2 − with the deformation parameter β 2 = 1.3 [35] and the first two excited states in K = 3 2 − (band head) ground-state rotational band [36] are taken into consideration. In case of 197 Au, the inelastic excitation to the first excited state at E x = 0.077 MeV is included as a vibrational state with β = 0.1 [37] . It is evident from Fig. 3 that CCFULL output shows good agreement with data at sub-barrier energies, but over-predicts the data at near-and above-barrier energies. It should be mentioned that for 9 Be projectile, different β 2 values have been used in CCFULL calculations. For example, β 2 = 0.92 in Ref. [33] , the best fit value of Ref. [35] β 2 = 1.1, and β 2 = 1.3 [38, 39] . In the present case, β 2 = 1.3 was found to describe the data well with the above mentioned AW potential. The suppression factor S = σ Corr CF /σ CC CF for energies above the barrier is shown in the inset of Fig. 3(a) . The mean value of S=0.61(2), implies ≈ 39 ± 2% CF suppression for 9 Be + 197 Au system due to the involvement of the weakly bound projectile. The CCFULL output scaled with S=0.61 is also shown in the same figure (solid line), which matches reasonably well with the measured excitation function. The observed suppression factor is consistent with 25-40% fusion suppression observed with 9 Be on different heavy targets [1, 4, 40, 41] .
IV.
COMPARISON OF WEAKLY BOUND PROJECTILES: x + 197 Au SYSTEMS To understand the role of projectile structure on fusion involving weakly bound nuclei, where break-up is a dominant channel, a systematic comparison of fusion excitation functions have been carried out for different x + 197 Au combinations. The values of break-up threshold energy for various weakly bound projectiles, calculated using the latest mass tables, are tabulated in Table III . For comparison of different projectile-target systems, appropriate scaling of cross sections is essential. Scaling methodologies have been extensively discussed in Ref. [42] . Canto et al. [43] introduced the reduced fusion cross section and the reduced energy variables, defined as,
It is evident that these reduced variables depend on the radius and height of the fusion barrier, and the barrier curvature ( ω), thereby taking into consideration static as well as dynamic effects. The available data for weakly bound projectiles on 197 Au has been analyzed using the above scaling method. In addition, data with projectiles having higher break-up threshold energy, namely, 4 He (E BU =20.578 MeV, for n+ 3 He) and 11 B ((E BU = 8.664 MeV, for α+ 7 Li) is also analyzed in the same framework. It should be mentioned that for both 6 He and 4 He, data points with large error bars are not considered in the present analysis, and only a subset of reported data is used [17] . The barrier parameters used for obtaining reduced variables are listed in Table IV . These parameters are obtained from the CCFULL calculations for 6, 7 Li [19] , 9 Be (present data), and 11 B [20] . Those for 4, 6, 8 He are derived from the fusion cross section data and scaled data presented in Ref. [17] . Fig. 4(a) shows the reduced fusion excitation functions of different weakly bound projectiles, namely, 6, 8 He [17, 18] , 6, 7 Li [19] and 9 Be (present work), on 197 Au target. The same data is also shown on a linear scale in Fig. 4(b) for the better visualization of data at above-barrier energies. A comparison of reduced excitation function of weakly bound 9 Be with 4 He and 11 B (projectiles having higher break-up threshold energy) is shown in Fig. 4(c) and (d) on a logarithmic and linear scale, respectively. The Universal Fusion Function (UFF), which represents Wong's formula in the absence of coupling effects, given by
is also plotted in the same figure for reference. All weakly bound projectiles exhibit the expected common feature, namely, enhancement below the barrier and suppression above the barrier (w.r.t UFF). However, it should be noted that the reduced variables are sensitive to R b and ω and hence are model dependent. It is interesting to see that 9 Be shows the highest sub-barrier fusion en-hancement in this group of Z=2-5 projectiles, which include halo nuclei 6, 8 He. Even amongst the stable weakly bound nuclei, σ red of 9 Be is ∼ factor of 2 higher as compared to 6 Li, which has similar E BU . Although couplings to transfer and break-up channels are not included in coupled-channel calculations for 9 Be, the CCFULL calculations including couplings to rotational states can explain the present data at sub-barrier energies (see Fig. 3 ). Thus the observed large sub-barrier enhancement points to the important role of deformation, even for weakly bound nuclei. The fusion suppression factor measured in the present work for 9 Be + 197 Au system (39±2%) is similar to that for 6 Li+ 197 Au [19] (35±2%). Although data for fusion suppression 6, 8 He + 197 Au is not reported, it can be seen from Fig. 4(b) that at above-barrier energies CF suppression in case 8 He is less compared to 9 Be and 6 Li, which is consistent with break-up threshold energies.
V. SUMMARY AND CONCLUSIONS
The fusion excitation function in 9 Be + 197 Au reaction has been measured in the energy range 0.82 ≤ E c.m. /V B ≤ 1.16. The cross sections of evaporation residues 203 Bi(3n) and 203 Bi(4n) have been obtained by off-line gamma counting. The measured fusion excitation function is analyzed using theoretical model code CCFULL. The coupled-channel code CCFULL, including coupling to inelastic excitations of projectile and target nuclei, provides an excellent description of the experimental fusion excitation function at sub-barrier energies but under-predicts the same at above barrier energies. The experimental fusion cross section above the barrier is found to be suppressed by ≈39(2)% as compared to the coupled-channel calculations. In order to investigate the role of the intrinsic structure of projectile on sub-barrier fusion cross section, a systematic comparison of the reduced excitation functions of different projectile systems x + 197 Au is presented. It is observed that σ red ( 9 Be) shows a larger enhancement in the sub-barrier region amongst all Z=2-5 projectiles, namely, 4, 6, 8 He, 6, 7 Li, and 11 B, which indicates the prominent role of the projectile deformation in addition to the weak binding.
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